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Abstract: DUSP5 is an inducible nuclear dual-specificity phosphatase that specifically interacts with and
deactivates extracellular signal-regulated kinases ERK1 and ERK2, which are responsible for cell
proliferation, differentiation, and survival. The phosphatase domain (PD) of DUSP5 has unique
structural features absent from other nuclear DUSPs, such as the presence of a secondary anion-binding
site in the proximity of the reaction center and a glutamic acid E264 positioned next to the catalytic
cysteine C263, as well as a remote intramolecular disulfide linkage. The overall 400 ns molecular
dynamics simulations indicate that the secondary binding site of DUSP5 PD acts as an allosteric
regulator of the phosphatase activity of DUSP5. Our studies have identified E264 as a critical constituent
of the dual binding pocket, which regulates the catalytic activity of DUSP5 by forming a salt bridge with
arginine R269. Molecular dynamics studies showed that initial occupation of the secondary binding
pocket leads to the breakage of the salt bridge, which then allows the occupation of the active site.
Indeed, biochemical analysis using the pERK assay on mutant E264Q demonstrated that mutation of
glutamic acid E264 leads to an increase in the DUSP5 catalytic activity. The role of the secondary binding
site in assembling the DUSP5–pERK pre-reactive complex was further demonstrated by molecular
dynamics simulations that showed that the remote C197–C219 disulfide linkage controls the structure
of the secondary binding pocket based on its redox state (i.e., disulfide/dithiol) and, in turn, the
enzymatic activity of DUSP5.

Mitogen-activated protein kinases (MAPKs) determine physiological and
pathological responses to a diverse array of extracellular and intracellular stimuli and
regulate cell proliferation, gene expression, mitosis, and other cellular functions.1-3 Tight
spatial and temporal control of MAPK signaling is maintained by dual-specificity MAPK
phosphatases (DUSPs),4-7 which deactivate MAPKs through dephosphorylation of
serine/threonine and tyrosine residues in their activation loops. DUSPs represent a
desirable target for drug development because their expression is regulated both spatially
and temporally, in contrast with ubiquitous MAPKs.15 The active site of the phosphatase
domain of DUSPs contains a highly conserved HCXXGXXRS motif (Table 1),(8) in which the
cysteine residue serves as an enzymatic nucleophile. The arginine residue [e.g., R269 in
DUSP5 (Figure 1)] and the backbone serve to stabilize the phosphoryl group during its
transfer from phosphorylated Thr/Ser or Tyr to cysteine, which is followed by transfer of a
proton from a highly conserved aspartic acid to the resulting phenolate anion (Figure 1).8, 9
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Figure 1. Composition of the active site of the phosphatase domain (PD) of DUSP5 and the mechanism
showing phosphorylation of Cys263 (PD DUSP5) by Tyr187 (pERK2).
Table 1. Summary for the Typical Human DUSPs That Target ERK1/2 as a Substrate
other names

cellular
localization
nuclear

Uniprot
code
P28562

active site
sequence
HCQAGISR

DUSP1 CL100, MKP1,
PTPN10, VH1
DUSP2 PAC1
nuclear
Q05923
HCQAGISR
DUSP4 MKP2, VH2
nuclear
Q13115
HCQAGISR
DUSP5 hVH3, VH3
nuclear
Q16690
HCEAGISR
DUSP6 MKP3, PYST1, rVH-6 cytoplasm
Q16828
HCLAGISR
DUSP7 PYST2, MKPX
cytoplasm
Q16829
HCLAGISR
DUSP9 MKP4
cytoplasm
Q99956
HCLAGISR
aDistance between the active site and the second anion-binding site.
bNumber of disulfide bonds in the phosphatase domain.

PDB entry

–

–

RAS–SB
(Å)a

1M3G(18) 15
3EZZ(19) 25
2G6Z(16) 7
1MKP(17) –
–
–
2HXP(20) –

NS–

–

Sb

–
–
1
–
–
–

The Ramchandran group recently demonstrated that one of the members of the
DUSP family, DUSP5, plays a critical role in vascular development and disease.10 Being an
inducible nuclear phosphatase, DUSP5 selectively interacts with and deactivates ERK1 and
ERK2 MAPKs, which are responsible for cell proliferation, differentiation, and survival,13
but not other MAPKs such as JNK and p38.11, 12 Selectivity of DUSP5 toward phosphorylated
ERK2 (pERK2) is governed by the structural composition of DUSP5 that consists of two
globular domains, ERK-binding domain (EBD) and phosphatase domain (PD), connected by
an ∼40-amino acid linker, which help appose the active site of PD DUSP5 to the
phosphorylated residues of pERK2.14 The phosphorylated form of ERK (pERK) induces
expression of DUSP5, and thus, pERK signaling is self-regulated via the DUSP5 negative
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feedback loop. However, a detailed mechanistic understanding of the interaction of MAPK
phosphatases with MAPKs15 and, in particular, of DUSP5, which interacts specifically with
pERK2, is lacking.

It is noted that the PD of DUSP5 has unique features not present in other human
DUSPs active toward ERK (Table 1), which we will illustrate for the example of closely
structurally and funcionally related cytoplasmic DUSP6, which is also highly specific to
ERK1/2 and does not interact with other MAPKs. For example, (1) DUSP5 has a
preassembled active site configuration with the catalytic aspartic acid positioned in the
proximity of the reaction center {i.e., a distance of 4.8 Å between the carboxyl carbon atom
of the aspartic acid and a sulfate anion found in the active site in the X-ray structure of the
DUPS5 PD [Protein Data Bank (PDB) entry 2G6Z16]}. In contrast, DUSP6’s catalytic aspartic
acid is separated by 9.7 Å from the chloride anion present in the active site in its X-ray
structure (PDB entry 1MKP).17 It is also noted that unlike DUSP5, DUSP6 attains a reactive
conformation only upon binding to ERK.17 (2) The DUSP5 PD contains a secondary anionbinding site in the proximity to the reaction center (i.e., active site). The presence of the
secondary binding site in the DUSP5 PD was discerned by X-ray crystallography of the
DUSP5 PD, which showed the presence of a pair of sulfate anions occupying the active site
as well as secondary binding site (PDB entry 2G6Z16). The separation between these sulfate
anions was found to be 7.3 Å (Table 1). (3) The DUSP5 PD has an internal disulfide bond
that has not been found in any other DUSP (Table 1) and whose primary function has not
yet been elucidated. (4) Although all DUSPs in Table 1 have a highly conserved active site
primary sequence HCXAGISR, the active site of DUSP5 has a glutamic acid (X = E)
positioned next to the catalytic cysteine, whereas other ERK-selective human DUSPs have
either leucine (X = L) or glutamine (X = Q) at this position.

Comparison of the reported Michaelis–Menten parameters for DUSP5 using the pnitrophenyl phosphate (pNPP) assay with those previously published for DUSP6 and
DUSP3 (Table S1) identified DUSP5 as the least reactive phosphatase toward pNPP (kcat =
6.0 × 10–6 s–1 vs values of 0.1–3.3 and 1.7 s–1 for DUSP5 vs DUSP6 and DUSP3, respectively).
This finding is surprising in light of the fact that DUSP5 has a preassembled active site,
whereas DUSP6, for example, undergoes conformational reorganization into the active
form upon interaction with ERK2. Moreover, even the inactive form of DUSP6 is several
orders of magnitude more active (kcat = 0.6–1.2 × 10–2 s–1) than DUSP5 [kcat = 6.0 × 10–6 s–
1 (see Table S1)].
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Accordingly, in this study, we questioned if the low catalytic activity of DUSP5 as
compared with those of other DUSPs is related to its unique structural features such as the
presence of two proximal binding pockets and an additional disulfide linkage. To
investigate this question, we performed a detailed molecular dynamics investigation
together with the preparation of DUSP5 point mutants E264Q, E264L, and R214Q and
analysis of their activities in comparison with the wild-type DUSP5 using pERK2 as a
substrate. The computational/experimental results presented herein reveal the intimate
involvement of the proximal binding pocket in the formation of the DUSP5–pERK2 prereactive complex. Glutamic acid E264, which lies at the interface between the two binding
pockets, plays a critical role in allosteric regulation of the initial binding event and thereby
modulates the catalytic activity of DUSP5. Additionally, a remote disulfide linkage (C197–
C219) modulates the catalytic activity of DUSP5 whose redox state (i.e., disulfide/dithiol)
exerts control on the structure of the secondary binding pocket. The details of these
findings are discussed herein.

Materials and Methods
Computational Details

Molecular dynamics simulations were performed using YASARA Structure version
with the Amber 03 force field (which has parameters identical to those of the
“ff03” force field used in Amber)23 with a 7.86 Å force cutoff, while the particle mesh Ewald
algorithm24 was used to treat long-range electrostatic interactions without a distance
cutoff. A simulation cell was defined to be cubic with periodic boundary conditions in all
directions, with a distance of at least 10 Å from boundary to protein along each axis. The
simulation box was filled with TIP3P water25 at a density of 0.997 g/mL and Na+ and Cl–
ions, which were placed at the lowest and highest electrostatic potential locations,
respectively, to neutralize the cell and approximate the physiological saline solution (0.9%
NaCl). To remove bumps and correct the covalent geometry, the structure was energyminimized by a short steepest descent minimization, followed by simulated annealing
(time step of 2 fs, atom velocities scaled down by 0.9 every 10th step) until convergence
was reached, i.e., until the energy improved by <0.05 kJ/mol per atom over 200 steps. The
resulting structure was used as a starting point for molecular dynamics simulations using
the NPT ensemble, which were performed at 298 K, 1 bar, and pH 7.4, with a time step of
1.25 fs for intramolecular interactions and 2.5 fs for intermolecular interactions.26 Atomic
velocities were rescaled using the modified Berendsen thermostat, based on time-averaged
temperatures, which does not depend on the strongly fluctuating instantaneous
13.9.821, 22
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microscopic temperature.27 The pressure during the molecular dynamics (MD) simulations
was controlled using the time-averaged solvent density as a probe for the pressure in the
box, and the cell was resized isotropically to maintain the target solvent density and
pressure. Initial structures for the molecular dynamics simulations were obtained from the
X-ray crystal structure of the DUSP5 PD (PDB entry 2G6Z16). The preliminary MD
simulations of the DUSP5 PD/solvent/counterion system were performed by heating the
system to 600 K with a subsequent 100 ps equilibration, which did not alter the secondary
structure of the PD in any significant way. The sample structures that resulted from this
simulation were used as starting geometries for the four independent 100 ns MD
simulations at 300 K. The statistical data from these trajectories were combined (total a
sampling time of 400 ns) to provide the distance distribution histograms presented in
Figures 3 and 9 (see Table S1 and Figures S1 and S2 for the MD simulation details).
Site-Directed Mutagenesis

We generated point mutants E264L, E264Q, and R214Q using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies). All mutations were created
on the wild-type (WT) DUSP5 backbone construct that was cloned into the pGEX-6P1
expression vector (GE Healthcare). The reaction mixture contained 25 ng of plasmid DNA
(GST-DUSP5), 2.5 μL of 10× reaction buffers, 0.5 μL of dNTP mix, 0.75 μL of QuikSolution
reagent with 62.5 ng of forward and reverse primers, and 0.5 μL of QuikChange Lightning
enzyme. Polymerase chain reactions (PCRs) for single-point mutations were run for initial
denaturation for 2 min at 95 °C, 18 cycles of 20 s at 95 °C, 15 s of the gradient annealing
temperature at 60–68 °C, and 180 s at 68 °C, followed by final extension for 5 min at 68 °C
(C1000 thermal cycler). The resultant PCR mixture was incubated at 37 °C for 5 min with 1
μL of DpnI enzyme to digest the parental, supercoiled double-stranded DNA. Three
microliters of the DpnI-digested PCR mixture was transformed into XL10-Gold
ultracompetent cells by following the protocol provided by the kit. The resulting mutant
plasmids were verified by DNA sequencing: hDUSP5E264LF,
CCTGGTCCACTGTCTGGCTGGGATCTCCCG; hDUSP5E264LR,
CGGGAGATCCCAGCCAGACAGTGGACCAGG; hDUSP5E264QF,
CAAGGTCCTGGTCCACTGTCAGGCTGGGATC; hDUSP5E264QR,
GATCCCAGCCTGACAGTGGACCAGGACCTTG; hDUSP5R214QF,
GAATGTCTCCCGACAGACCTCCGAGGCC; hDUSP5R214QR,
GGCCTCGGAGGTCTGTCGGGAGACATTC. All constructs were sequence verified prior to
protein expression analysis.
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Generation and Characterization of the DUSP5 Point Mutant Proteins

Protein expression, GST pull-down assays, and purification protocols were similar to
those reported in our previous work on GST-DUSP5 protein.14 Modifications to the protocol
included transfecting final sequenced plasmids into expression competent cells such as
Shuffle cells. Shuffle cells are an Escherichia coli strain that allows for the production of
proteins with disulfide bonds. We have also produced the mutant proteins in Rosetta2 cells
and did not notice much difference in their yields. In addition, under purification and assay
conditions, dithiothreitol (DTT) at a final concentration of 1 mM was included, thus
ensuring the reduced state of the protein. We also performed mass spectrometry (LC–
MS/MS) and identified peptides that correspond to the mutant residues in E264Q (38%
coverage) and E264L (46% coverage). We were unable to detect the R214Q (35%
coverage) peptide. We performed the pERK assay on these mutant proteins as described
previously with an incubation time of 20 min.14 Because of the presumed degradation
products observed in the generated purified protein preparations, the active DUSP5
protein concentration was dependent on the ratio of GST-tagged and untagged DUSP5 to
GST in each sample. Ratios were calculated by obtaining band density values from sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels using ImageJ and
then determining the concentration of each component in the sample to identify the total
molarity of active DUSP5 in each sample. Western blot membranes were developed using
the ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Inc.). Band density values for
both pERK and total ERK were similarly quantified using ImageJ. Values for pERK and total
ERK were first standardized internally to respective ERK only (no DUSP5) control lanes.
Resulting pERK values were then standardized to correlating total ERK values to obtain a
standardized ratio used to quantify the relative DUSP5 enzymatic activity. Western blot
analysis was performed using standard methods. The DUSP5 antibody was purchased from
Abcam (ab53217), and an in-house GST-ECSCR antibody was used for detecting the GSTtagged proteins. The pERK antibody was obtained from Cell Signaling (9106S), while total
ERK was purchased from Abcam (ab17942) and Cell Signaling (9102). Rabbit (7074S) and
mouse (7076S) IgG HRP-linked secondary antibodies were both purchased from Cell
Signaling.

Results and Discussion

Molecular Dynamics Simulations of the DUSP5 PD
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To understand the origin of the low catalytic efficiency of DUSP5, which was evident
from the comparison of kcat values of various DUSPs (Table S1), we performed a visual
inspection of the active sites of DUSP5 and DUSP6 available from the X-ray crystal
structures of these proteins (PDB entries 2G6Z16 and 1MKP,17 respectively). In both crystal
structures, the active site is occupied by an anion [sulfate in the case of DUSP5 and chloride
in the case of DUSP6 (see Figure 2)], and stabilization of such a complex likely involves the
same polar and/or electrostatic interactions that are present in the complex between the
active site and phosphorylated substrate. Visual inspection of the structural composition of
the reaction centers of DUSP5 and DUSP6 (shown as yellow circles in Figure 2)
demonstrated their overall similarity, and in both cases, the anion in the active site was
stabilized by the N–H bonds of the backbones of amino acids at positions +1 to +5 with
respect to the catalytic cysteine, as well as by the positively charged guanidinium group of
arginine at position +6 (see the primary amino acid sequences in Table 1). At the same
time, unlike DUSP6, the DUSP5 PD has in the proximity (7.3 Å) of the reaction center a
secondary binding site (shown by the orange circle in Figure 2A), which stabilizes the
anionic ligand by positively charged arginines R213, R214, and R269.

Figure 2. Spatial composition of the active sites of the phosphatase domains of (A) DUSP516 and (B)
DUSP6.17

The proximity of the secondary binding site and active site in DUSP5 PD led us to
hypothesize that the loading state of the secondary binding site could regulate the activity
of the phosphatase domain, i.e., that it could act as an allosteric site. Following this
conjecture, we performed two series of MD simulations of the DUSP5 PD, with the
secondary binding site being loaded or unloaded by sulfate anion while the active site was
sulfate-loaded in both cases.28 The overall 400 ns MD simulations (see Table S2 for MD
details) of the PD with the loaded secondary binding site did not show any significant
rearrangement of the active site with respect to the original X-ray structure (Figure 2A). It
was found that glutamic acid E264 was turned outward from the reaction center and
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stabilized by the salt bridge interaction with a noncatalytic arginine residue R214, while
the separation between E264 and R269 of 6–7 Å was indicative of the lack of interaction
between them (Figure 3A). At the same time, similar MD simulations (see Table S2) with
an unloaded secondary binding site strongly indicated a major change in the salt bridge
topology that involved both the active and secondary binding sites. Specifically, E264 not
only retained a close contact with R214 but also formed a salt bridge with catalytic arginine
R269 (see the histogram in Figure 3B).

Figure 3. Histograms of the distances between the carboxyl and guanidinium carbons of E264 and R269
(red bars) and E264 and R214 (green bars) shown together with representative PD structures for the
case of (A) sulfate-loaded and (B) sulfate-unloaded secondary binding sites (the active site was sulfateloaded in both cases). See Figure S2 for the corresponding time course plots of the E264–R269
distances.

Formation of the salt bridge between E264 and R269 partially obstructs the active
site of the DUSP5 PD and thus decreases its binding affinity for a phosphorylated substrate.
Furthermore, the involvement of the guanidinium group of R269 in a salt bridge weakens
its ability to stabilize the transition state of phosphoryl transfer (see Figure 1). Thus,
formation of the E264–R269 salt bridge in the case of the unloaded secondary binding site
is expected to decrease the reactivity of DUSP5.
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Interestingly, the presence of two phosphate groups (pThr185 and pTyr187) in the
activation loop of pERK2 (natural substrate for DUSP5) allows for the occupation of both
the reaction active site and secondary binding site. As the active site is partially obstructed
by the salt bridge between E264 and R269 residues, the initial binding event is more likely
to occur at the secondary binding site. According to the analysis presented above, such a
placement of the anion in the secondary binding site could break the salt bridge between
E264 and R269 and thus make the active site accessible for the placement of the second
phosphate anion, which is necessary for the formation of the near attack conformation of
the DUSP5–pERK2 complex (Figure 4). On the basis of this analysis, we propose that the
proximity of the active site and secondary binding site and the presence of the glutamic
acid next to the catalytic cysteine might be the unique features of DUSP5 that are essential
for controlling its catalytic efficiency and selectivity toward pERK2.

Figure 4. Model structure of the complex of DUSP5 (green) with pERK (cyan).14

Site-Directed Mutational Analysis Confirms the Importance of the E264 Residue for the
Activity of DUSP5 Protein

To validate the MD results, we performed point mutation analysis on the E264 and
R214 residues in DUSP5. We mutated E264 to leucine (L) (E264L) and glutamine (Q)
(E264Q) and R214 to glutamine (Q) (R214Q) using site-directed mutagenesis. We
generated GST-tagged versions of these proteins in bacteria as described in our previous
work14 and purified them on a GST column. Upon expression of these point mutants in
bacteria, we noticed three bands on the SDS–PAGE gel for E264Q and R214Q compared to
four distinct bands (E264L1–E264L4, from top to bottom, respectively) in the E264L
preparations (in Figure 5B, compare lanes E264L and E264Q). In the full length E264L
preparation, the E264L1 band was barely detected. On sequencing this band, the E264L
mutation was detected in the MS peptides (43% coverage). For the E264L2 band [∼42 kDa
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(Figure 5B, gray arrow)], we obtained 34% coverage of peptides using MS. For the E264L3
strong ∼26 kDa (Figure 5B, red arrow), and E264L4 22 kDa (Figure 5B, green arrow)
bands, the MS coverage was 15%. We also performed Western blots with the DUSP5
antibody (Figure 5C) and the GST-ECSCR antibody (recognizes GST-tagged proteins)
(Figure 5D). With the DUSP5 antibody, the top two bands (E264L1 and E264L2) were
visualized, while with the GST-ECSCR antibody, all four bands were visualized. These data
collectively argue that the top two bands are GST-E264L proteins while the bottom two
bands are GST proteins. Using subsequent purification strategies, we increasingly noticed
the ∼42 kDa protein with minimal full-length GST-E264L (∼68 kDa) protein (Figure 5,
Rosetta 2 expression). In terms of E264Q, we noticed three bands: the expected full-length
GST-E264Q band (∼68 kDa), the GST-only band (∼26 kDa), and the weaker, presumably
truncated E264Q (∼42 kDa) band that cross reacts with both DUSP5 and GST antibodies
(Figure 5C,D). These results suggest an instability issue with the E264L fusion protein, and
the instability is partly due to the specific mutation because E264Q does not harbor this
tendency. Whether conformational changes resulted from the E264L mutation is yet to be
determined and could also partially explain this issue. For R214Q preparations, we noticed
three bands like E264Q and the top two bands contain DUSP5 protein (Figure 5C, DUSP5
WB) while the bottom band is GST (Figure 5D, GST WB).

Figure 5. (A) Cartoon depiction of the GST-DUSP5 fusion protein with domains indicated and the amino
acids that comprise these domains. The mutations are indicated at the respective location. (B) SDS–
PAGE gels of the three GST-tagged point mutants after purification on the GST column. The different
colored arrows point to the truncated products observed in E264L preparations, which were confirmed
by MS. (C and D) Western blots for DUSP5 and GST-ECSCR antibodies with pure proteins indicated in
panel B. Each lane included roughly 5 μg of pure protein in both SDS–PAGE and Western blots.
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Comparisons of Activity among the Three Point Mutants of WT in the pERK Assay

To investigate and compare the activities of the E264L, E264Q, and R214Q proteins
to that of WT DUSP5, we first calculated the ratio of the band intensities in the preparations
to equalize the total amount of active DUSP5 protein in each preparation. We determined
that in E264L preparations, only 17.6% of the total protein constituted active DUSP5
fractions, compared to 48% for E264Q and 77% for WT DUSP5. Therefore, to compare
activities across the three proteins in the pERK assay, we set the molarity equal to that of
active DUSP5 for each point mutant preparation as explained in Materials and Methods.
For the pERK assay, we performed Western blot analysis with purified proteins and ERK as
described in Materials and Methods. Three independent experiments were performed with
a concentration gradient of WT and mutant proteins ranging from 0.01 to 0.000001 mM in
the presence of a constant level of ERK protein (10 nM). For all proteins, we noticed that
the loss of pERK was observed in the range between 0.0001 and 0.01 mM DUSP5 protein.
Because we observed a sharp cutoff between pERK levels at 0.001 and 0.0001 mM DUSP5
(Figure 6A), we utilized the 0.001 mM values for quantitation, which is described in
Materials and Methods. We normalized pERK over total ERK for all three replicates for each
protein, and quantification shows that WT and R214Q proteins have activities similar
towards pERK while E264Q has 50% lower pERK levels, implying higher DUSP5 activity,
and the E264L mutant exhibits a 36% increase in pERK levels, implying loss of DUSP5
activity. These results suggest that residue E264 is critical for interaction with the
substrate, which in turn influences the activity of the DUSP5 protein.
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Figure 6. pERK assay. Sets of replicates of the DUSP5 pERK dephosphorylation assay (A) show that
identifiable activity against pERK begins at ∼0.001 mM DUSP5 protein for all four mutants. These bands
were quantified by densitometry and compared to WT values to determine a ratio (B). Lower ratios are
due to less phosphorylated ERK present, which is indicative of more enzymatic activity in that mutant
relative to WT. All initial pERK values were normalized to respective total ERK densitometry bands to
control for variability stemming from loading differences or exposure time during development.

It is noteworthy that we prepared the R214Q point mutation as it was found in
DUSP5 in the catalogue of somatic mutations in the cancer (COSMIC) database. This
arginine mutation in the secondary binding pocket with the biologically relevant pERK
assay showed activity similar to that of the WT DUSP5 protein (Figure 6). It is noted that
the secondary binding pocket contains three arginine residues (i.e., R213, R214, and R269),
and mutation of one arginine to a polar residue (R214Q) is expected to have a limited
impact on the initial binding of pERK to the secondary binding pocket (vide infra).
The computational analysis discussed above showed that the E264–R269 salt bridge
partially obstructs the active site of the DUSP5 PD. Thus, it is expected that disrupting the
salt bridge by an E264Q or E264L mutation should lead to increased activity of DUSP5, and
the observed increase in the activity of the E264Q mutant compared with that of WT
DUSP5 further supports the computational finding. Interestingly, however, the disruption
of the salt bridge due to the E264L mutation leads to decreased enzymatic activity of the
DUSP5 mutant, which may seem somewhat surprising. However, a closer look at the
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DUSP5–pERK complex shows that both mutants should facilitate the formation of this
complex due to the disruption of the salt bridge. Following the formation of this complex,
the side chain of residue 264 (i.e., E, Q, or L) moves away from the active site and is
stabilized by the electrostatic interactions with polar/charged R191 (pERK2), R194
(pERK2), S212 (DUSP5), and R214 (DUSP5) residues (Figure 7). Such a charged/polar
environment is clearly beneficial for the stabilization of glutamic acid (E264 WT) or
glutamine (E264Q mutant) but not in case of hydrophobic leucine (i.e., in the E264L
mutant). Thus, the DUSP5–pERK complex in the E264L mutant is expected to be somewhat
destabilized because of the nonpolar nature of leucine L264, which could lead to the overall
decrease in the catalytic activity of the E264L DUSP5 mutant.

Figure 7. Model structure showing the polar/ionized environment surrounding glutamic acid E264 after
the formation of the DUSP5–pERK complex and breaking of the E264–R269 salt bridge.
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Importance of a Remote Disulfide Linkage for DUSP5 Activity and Loading of the Primary
Active Site

The emerging understanding of the link between the reactivity of DUSP5 and the
occupation state of the secondary binding site attracted our attention to the fact that the
essential constituents of the secondary binding site, i.e., R213 and R214, are located on the
same loop between sheets β3 and β4 of the DUSP5 phosphatase domain (Figure 8A). At the
same time, the structurally similar DUSP6 lacks this loop, and its residues between the
sheets β3 and β4 are immobilized within sheet β4′ (Figure 8B). Moreover, the β3−β4 loop
of DUSP5 also contains a cysteine amino acid C219 that is capable of forming a disulfide
bridge with C197 (Figure 9). Formation of the S–S bond may reduce the flexibility of the
secondary binding site, and on the basis of the discussion above that the initial binding
event occurs at the secondary binding site, it is expected that the redox state of the
disulfide bridge should affect the activity of DUSP5.

Figure 8. Comparison of the primary and secondary structures of the phosphatase domains of (A)
DUSP5 and (B) DUSP6.

To improve our understanding of the interplay between the redox state of DUSP5
and its reactivity, we performed a comparative molecular dynamics study of the disulfide
and dithiol states of the DUSP5 PD based on the available X-ray structure. The overall 400
ns MD simulations (see Table S2) of the PD in the disulfide state revealed that the
secondary binding site mostly exists in one conformation (Figure 9A) in which the anion in
the secondary binding site is fully stabilized by R213, R214, and R269 amino acid residues
close (∼7 Å) to the anion-bound active site (Figure 9C).
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Figure 9. Distribution of the distance between the sulfur atoms of the sulfate anions in the (A) disulfide
and (B) dithiol forms of the DUSP5 PD, obtained by MD simulations. (C and D) Representative structures
of the disulfide form of the DUSP5 PD that correspond to the distribution maxima at 7 and 10 Å,
respectively. (E) Representative structure of the dithiol form of the DUSP5 PD that corresponds to the
distribution maximum at ∼14 Å (see panel B).

The overall 400 ns MD simulations (see Table S2), performed in a similar manner
for the dithiol state of the PD, reproduced the existence of the previously found conformer
and also located two more conformers (Figure 9B). In one of these conformations, the
anion at the secondary binding site is located farther from the active site anion (∼10 Å) and
is stabilized by only R213 and R214 residues (Figure 9D). In the other binding mode, R213
and R214 form a salt bridge complex with the sulfate anion lying outside the secondary
binding site [∼14 Å from the anion in the active site (see Figure 9E)]. The identification of
this binding regime might be highly relevant to the initial contact between DUSP5 and
pERK, where it can serve to capture the phosphothreonine anion of pERK and help orient
the PD of DUSP5 and pERK to a pre-reactive conformation. The latter binding modes seem
to be more characteristic of the dithiol (i.e., reduced) form of DUSP5, which therefore could
be expected to be more reactive than the corresponding disulfide (i.e., oxidized) form. This
hypothesis was verified experimentally by observation of a 2-fold increase in DUSP5
phosphatase activity under reducing conditions, i.e., in the presence of dithiothreitol, which
breaks the C197–C219 disulfide bond.14 It is further noted that nuclear DUSP5 is expected
to be present in a reducing environment under normal conditions where it functions in a
more catalytically active dithiol state;29 however, the oxidized/disulfide state of DUSP5
might also be of biological relevance under certain circumstances, e.g., in abnormal cells.
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Conclusions

The detailed molecular modeling of the DUSP5–pERK2 complex showed that the
pair of phosphate groups in pERK2 resides in the active site and secondary binding site
pockets. The positioning of the phosphate groups in the DUSP5–pERK2 complex closely
resembles the positioning of the pair of sulfate anions in the binding pockets of the DUSP5
PD X-ray structure. The MD simulations showed that the active site in DUSP5 is partially
obstructed because of the presence of a salt bridge between residues E264 and R269
(Figure 10). Thus, an initial occupation of the secondary binding site by phosphorylated
threonine T185 should lead to the breakage of the salt bridge, which then allows the
occupation of the active site by phosphorylated tyrosine Y187 of pERK2 (Figure 10).

Figure 10. Schematic representation of the binding of pERK and the PD of DUSP5 leading to the prereactive near attack conformation.

The allosteric mechanism of formation of the DUSP5–pERK pre-reactive complex,
presented in Figure 10, identifies E264 as a critical residue involved in salt bridge
formation. The preparation of the point mutation of E264 to glutamine (E264Q), which
maintains the structure of the DUSP5–pERK complex while disrupting the salt bridge, leads
to a predicted increase in the enzymatic activity of mutant DUSP5 toward pERK2 compared
to that of WT DUSP5. The critical role of the secondary binding site in the formation of the
DUSP5–pERK pre-reactive complex was further demonstrated by the involvement of a
remote disulfide linkage, which controls the structure of the secondary binding pocket
based on its redox state and, in turn, the enzymatic activity of DUSP5. It is expected that
characterization of the mechanism of DUSP5 reactivity toward pERK will aid our ongoing
effort directed at the development of its small-molecule inhibitors.
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